The formalism describing the scattering of two spin-1 2 objects is reviewed for the case ofpp →ΛΛ. It is shown that an experiment utilizing a transverse target polarization can, in principle, completely determine the spin structure of the reaction. Additional measurements, even those using both beam and target polarizations, would not be sensitive to any additional spin dynamics. Thus, the transverse target polarization allows access to the complete set of spin observables, not just the subset upon which the literature has previously focused. This discussion is especially relevant in light of the data collected by PS185/3 at LEAR. © 2000 Published by Elsevier Science B.V.
1 2 particles to two spin- 1 2 particles has been well developed in both the general case and in application to thepp → Y Y reaction [10] [11] [12] [13] . The implications of this application of the formalism must be carefully explored for the larger set of observables available to PS185/3 [14, 15] . The recent literature discussing the strangeness production dynamics has focused on the depolarization D 0n0n , and, to a lesser extent, other rank-2 spin observables to which PS185/3 is directly sensitive [3, 4, 6, 8, 14] . As will be shown below, the use of a transverse target polarization, in principle, allows the complete determination of the spin structure of the reaction. This then permits model independent calculations of the full set of spin observables, including those that were not directly measured. This is the first demonstration of the feasibility of such an analysis forpp →ΛΛ, although this possibility had been hinted at by previous publications [13] .
For the scattering of spin-1 2 particles, one can explicitly parameterize the spin structure of the transition matrix M by considering all possible terms with the appropriate parity and C-parity properties. Forpp →ΛΛ, the transition matrix M can be written in the center of mass frame as a function of only 6 complex amplitudes {a, b, c, d, e, g} [4, 12] :
The unit vectors are defined so thatl andm lie in the scattering plane, andn is the normal to the scattering plane. σ 1 represents the vector of Pauli spin matrices for the antiproton in the initial state and theΛ in the final state, while σ 2 represents these matrices for the proton and Λ. This expression embodies the parity and C-parity symmetries of the strong interaction but is otherwise entirely model independent. The spin observables are given by
Here each index can take any value from the set {0, l, m, n} with σ 0 defined as the identity operator.
represents the differential cross-section averaged over the spin of the particles. Direct measurements of the spin observables with nonzero first and second indices would require a measurement of the final state spins, while direct measurements of the observables with nonzero third or fourth indices would require the measurement of the angular distribution relative to a polarization of the beam or target, respectively.
The self analyzing weak decay of the hyperons allows access to the X ij 00 terms from measurements of the angular distribution of the decay products of the hyperon and antihyperon. The use of a transversely polarized target introduces a dependence on the angle of the scattering plane relative to the target polarization. This allows measurement of all observables X ij 0ν with the index ν restricted by the direction of target polarization. Spin observables for this reaction are conventionally presented using the reference frames shown in Fig. 1 . A different frame is used for each particle, with the axes chosen as:
wherep 1i is the direction of the incident antiproton,p 1f is the direction of the producedΛ, andp j is the direction of the particle being referenced. With this definition,n is the same for each particle,l j is the direction of motion of the particle j , andm j is selected such that the system is right-handed. It should be noted that a single frame for all particles could also be used. The choice of coordinate frames implicitly affects the parameters of the spin scattering matrix {a, . . ., g}, of course, but does not explicitly change the form of Eq. (1) or expressions derived from Eq. (2) .
With this choice, the index ν is restricted to {0, m, n} for a transverse target polarization. Of those 48 available observables X ij 0ν , 24 are trivially zero by parity considerations. Explicitly, we have:
with all other X ij 00 , X ij 0n , X ij 0m = 0. In Eq. (4) we have replaced X by the conventional notation P for polarization, A for asymmetry, C for spin correlations, D for depolarization, and K for polarization transfer. Each of these 24 nonzero observables could be independently extracted from the angular distribution of the decay baryons. In such an approach, the correction for the experimental acceptance might be problematic, since the necessary correction may depend on other spin observables. This approach would also ignore the many nontrivial relationships between the observables [14, 15] , implicit in Eq. (4), which are a direct result of the parity and C-parity symmetries of the reaction. Independent extraction of individual observables, or any other procedure that does not embody these relationships, would not make optimal use of these symmetries to minimize the uncertainty in the extracted parameters, enforce consistency between the results, or reflect the correlation of their errors.
One way to make full use of the known symmetries would be to directly fit the parameters of the transition matrix (Eq. (1)). However, it is not immediately obvious that this limited set of observables is sensitive to the entire parameter space. This concern is equivalent to the question of whether expressions for the parameters {a, . . ., g} can be found in terms of the accessible observables X ij 0ν . Eq. (4) relate 24 nontrivial observables to 11 real parameters, with an arbitrary phase. The existence of a consistent solution for ideal values of the observables (i.e., neglecting experimental error) is guaranteed by construction. It then remains be to determined whether there is a unique solution or whether there exist multiple solutions or even some hypersurface in parameter space which would uniformly satisfy Eq. (4).
A unique solution can be demonstrated to exist over most of the parameter space. 1 Note that the demonstration need not be the optimal algorithm for extraction of the parameters with minimal experimental error. The existence of any algorithm for uniquely obtaining the parameters implies that the parameters are uniquely determined by this set of observables. This is equivalent to the statement that this limited set of observables completely determines the spin structure of the reaction. One such method of solution by manipulation of Eq. (4) is presented below. The phase of either b or c can be arbitrarily chosen, then both parameters are uniquely determined from the relationships:
Then a and d are uniquely determined from the complex equations:
which are effectively four linear equations in four unknowns. Similarly, e and g are determined by:
The 24 observables over-determine the parameter space, so this solution is not expressed uniquely. The existence of a solution implies that a global fit of the angular distribution could in principle be done to uniquely determine the transition matrix parameters. This implies a complete knowledge of the spin structure of the reaction, allowing entirely model independent calculation of all spin observables X ij µν , even those whose direct observation would require a longitudinal target polarization or the addition of initial antiproton polarization. In such an approach, separate fits would be required for each interval in the production angle θ and for each energy point studied.
An un-binned maximum likelihood fit [16] could be applied in order to extract the parameters from the event angular distribution. This method makes efficient use of statistics and provides a natural way of including the detector acceptance through a realistic Monte Carlo simulation. Early studies have indicated that such a fit can be successfully performed given data sets which are reasonably achievable.
This Letter demonstrates that an experiment utilizing a transverse target polarization and measuring the angular distribution and final-state polarizations and correlations ofpp →ΛΛ can, in principle, completely determine the spin structure of the reaction. This is more information than was previously thought to be available. The PS185/3 collaboration has performed such a measurement for the explicit purpose of extracting D 0n0n . One of the authors (K.D.P.) is currently active in the analysis of this data and will investigate the possibility of extending the extracted results to include the full spin transition matrix parameterization as outlined here. While preliminary indications are encouraging, it remains to be seen whether the available statistics are sufficient to yield statistically significant results for this extension beyond the original goals of the experiment.
The demonstration shown in Eqs. (5)- (11) of the existence of a unique solution for Eq. (4) is not applicable for the special case of b = c. With this condition, Eq. (8) and Eq. (9) become identical, as do Eqs. (10), (11) . These are then not sufficient to solve for {a, e, d, g}. However, even in the case of b = c precisely, 2 a unique solution can still be found. Explicitly taking b = c, with b chosen to be positive real and known from Eq. (5), {a, g} can be determined from the set of 8 linear equations with 8 unknowns:
This implies sensitivity to the full set of the scattering matrix parameters, even in the case that b and c are equivalent. This solution is limited only by the requirement that b = 0. In the very special case of b = c = 0, most of the observables in Eq. (4) would be constrained to be zero and it would not be possible to uniquely determine the full set of parameters using only a polarized target. In fact, with b = c = 0, an experiment involving polarizations of both particles in the initial state would be necessary in order to be sensitive to the entire parameter space.
An indication of this condition can be found by measuring C nn00 . The relation (A.3) 1 − C nn00 = |b| 2 + |c| 2 ,
shows that as C nn00 → 1, both b and c must approach zero [14] . If C nn00 = 1, then one or both of b or c must be nonzero. Thus a preliminary study of this observable can be used to warn of potential difficulties in performing a global fit to the full parameter set.
It should be noted that C nn00 has been previously measured forpp →ΛΛ near threshold and that it tends toward the value +1 for only a narrow range of production angle θ [2] . This indicates that, with the possible exception of that narrow angular range, determination of the transition matrix parameters should, in principle, be possible with data of the type collected by PS185/3.
